Melanin-concentrating hormone (MCH) regulates food intake through activation of the receptor, MCHR1. We have identified AMG 076 as an orally bioavailable potent and selective small molecule antagonist of MCHR1. In mouse models of obesity, AMG 076 caused a reduction in body weight gain in wildtype (MCHR1+/+) but not in knockout (MCHR1À/À) mice. The body weight reduction was associated with decreases in food intake and increases in energy expenditure. Importantly, we show that these MCHR1-dependent effects of AMG 076 were also reflected in improved metabolic phenotypes, increased glucose tolerance and insulin sensitivity. Preliminary data on effects of AMG 076 in obese cynomolgus monkeys are also presented.
Introduction
Obesity has become a global health epidemic affecting people of virtually all ages and socioeconomic groups. Obesity contributes to the deaths of~300,000 adults in the US each year, making it one of the leading causes of preventable mortality (Allison et al. 1999; Baskin et al. 2005; Powell et al. 2011; Wright and Aronne 2011) . Importantly, it is now a well accepted risk factor for a number of disorders including type 2 diabetes (Bronner et al. 1995; Chen et al. 2011) . However, the few FDA-approved anti-obesity agents such as orlistat (Xenical â , Roche, Basel, Switzerland), have limited efficacy and unpleasant side effects which limit compliance; sibutramine (Meridia â , Abbott Labs, Abbott Park, IL) was withdrawn from markets due to adverse cardiovascular outcomes (Vetter et al. 2010; Bello and Liang 2011) . Recently, FDA approved two new weight loss drugs, Qsynia and Bleviq, within a month, emphasizing on the unmet medical need (Holes-Lewis et al. 2013 ).
Melanin-concentrating hormone (MCH), a neuropeptide highly conserved among vertebrates, plays an important role in the regulation of food intake and energy balance in mammals. MCH is synthesized in the hypothalamus and zona incerta (Nahon 2006 ) of the brain, areas known to be involved in regulating feeding behaviors (Saito et al. 2000) . Acute central administration of MCH stimulates food intake in rodents (Qu et al. 1996) while chronic central infusion leads to obesity and insulin resistance (Della-Zuana et al. 2002; Gomori et al. 2003) . MCH expression is increased in fasting and genetically obese animals (Qu et al. 1996; Presse et al. 1996; Tritos et al., 2001; Mizuno et al. 1998; Stricker-Krongrad et al. 2001) . Transgenic mice over-expressing MCH in the lateral hypothalamus become obese and are susceptible to insulin resistance on a high-fat diet (Ludwig et al. 2001) . In contrast, animals lacking expression of MCH through targeted deletion of the gene are lean, hypophagic, and hypermetabolic (Shimada et al. 1998) . These data suggest that MCH activates neuronal pathways, resulting in increased food intake and altered energy metabolism.
Only one MCH receptor, MCHR1, is expressed in rodents. MCHR1 was identified as a G protein-coupled receptor (GPCR; Kolakowski et al. 1996; Saito et al. 2000; Hervieu 2003) . In support of the role of MCH/MCHR1 signaling in the regulation of food intake and energy balance, MCHR1 knockout mice (MCHR1À/À) are lean, have an increased metabolic rate and are resistant to dietinduced obesity (Marsh et al. 2002; Kokkotou et al. 2005) . Unlike rodents, humans and some species of nonhuman primates (NHP) express a second MCH receptor, MCHR2 Hill et al. 2001; Sailer et al. 2001; Tan et al. 2002) . The biological role of MCHR2 is not clear and the relative contributions of MCHR1 and MCHR2 to MCH-mediated effects are little understood.
In this article, we describe results of evaluation of AMG 076, a potent and selective small molecule antagonist of MCHR1 (Mihalic et al. 2012) , in rodent and NHP models of obesity.
Materials and Methods

Compounds
The MCHR1 selective antagonist AMG 076, 1-[2- ((4aR, 11R, 3, 4, 4a, 5, 6, 11, carbazol-2-yl)-ethyl]-cyclohexane carboxylic acid was synthesized at Amgen (Mihalic et al. 2012) . Sibutramine was prepared from disassembled capsules of Meridia â .
Radioligand binding and Ca
2+ mobilization assays
Radioligand membrane binding and aequorin assays were carried out as described previously 
Mouse models
Mice were cared for in accordance to the Guide for the Care and Use of Laboratory Animals (Institute for Laboratory Animal Resources 1996). Animals were (group or singly housed, as described below) at an AAALAC, Intlaccredited facility in autoclaved positive pressure ventilated microisolator housing. All research protocols and animal housing was approved by Amgen San Francisco Institutional Animal Care and Use Committee (IACUC).
Animals had ad libitum access to feed (as described below) and water (reverse osmosis-purified) via automatic watering system and water bottle. Animals were maintained on a 12:12 h light: dark cycle in rooms at (state temp range, and humidity range), except as described for energy expenditure studies (described below). All animals were determined specific pathogen-free ones (full list is described at http://jaxmice.jax.org/health/agents_list.html).
Mice with targeted disruption of MCHR1 backcrossed fully to C57BL/6 (MCHR1À/À; Roy et al. 2006) were bred in-house (heterozygous matings), genotyped, and then individually identified by electronic ID chips (AVID, Norco, CA) placed in the intrascapular region at the time of weaning.
For the obesity prevention study, 5-6 week old singly housed male and female MCHR1 knockout (À/À), heterozygous (+/À) or wild-type mice (+/+) were randomized into treatment groups by date of birth, gender, and genotype. AMG 076 (at concentrations in the diet determined to deliver 3, 10, and 100 mg kg À1 day À1 ) was prepared as admixture in diet (60 kcal% fat;. Research Diets D12492i, New Brunswick, NJ) and mice were transferred to this high-fat diet on initiation of the study. Food intake and body weight were monitored for the duration of the study. Fat mass was measured by dual energy x-ray absorptiometry (DEXA) imaging. High-fat diet-induced obese (DIO) mice were generated as follows: male C57BL/6 (JAX-WEST, Sacramento, CA) mice weaned at 4-5 weeks of age were maintained on a high-fat diet (60 kcal% fat, Research Diets D12492i; New Brunswick, NJ) for 20-24 weeks. Prior to the start of dosing, group-housed mice were randomized into treatment groups based on body weight. Induction of hyperglycemia and insulin resistance was confirmed by comparing baseline glucose and insulin levels with chow fed (Harlan Teklad 2918) lean, control mice. AMG 076 or sibutramine were suspended in vehicle (1% , 1% carb-oxymethyl cellulose [w/v] , in milliQ water) and administered by oral gavage (5-10 mL/kg) at the doses indicated.
Glucose tolerance and insulin sensitivity
Glucose tolerance was determined in overnight (6 PM to 9 AM) fasted mice challenged with 0.75 g/kg of an oral bolus of D-glucose (7.5% in water). Insulin sensitivity was determined in 4-h (from 6 AM to 10 AM) fasted mice, challenged with 1.5 U/kg of an intraperitoneal bolus of human insulin (0.15 U/mL). Blood was sampled from conscious mice by tail nick for measurement of insulin (ALPCO diagnostics, Windham, NH), leptin (R&D Systems, Minneapolis, MN), triglycerides, total cholesterol, and NEFA (Hitachi Clinical Analyzer, Tokyo, Japan). Whole blood glucose was measured using a glucose meter (Accu-Check Blood Glucose Monitoring System, Roche, Basel, Switzerland).
Energy expenditure
Female mice (MCHR1À/À, MCHR1+/À or MCHR1+/+) were individually housed in a 4-chamber, indirect open circuit calorimeter (Oxymax, Columbus Instruments, OH) at 28°C (approximating thermoneutrality) and provided with free access to food and water. Mice were acclimated in the chambers for 24 h prior to initiation of data collection over the subsequent 48-h period. AMG 076 or sibutramine were administered by oral gavage (5-10 mL/kg) at the doses indicated, once daily approximately 90-120 min prior to initiation of the dark cycle (from 6 PM to 6 AM).
Primate model
The chronic effects of AMG 076 were evaluated in spontaneously obese cynomolgus monkeys. Cynomolgus monkeys (Macaca fascicularis, Kunming, China) were cared for in accordance with the Guide for the Care and Use of Laboratory Animals (Institute for Laboratory Animal Resources 1996). Animals were housed at an indoor facility in species-specific housing on a 12:12 h light: dark cycle in rooms maintained at temperature of 18-26°C with a relative humidity of 60-80% following AAALAC guidelines. All research protocols and animal housing was approved by the Yunnan Laboratory Primate Institute IACUC.
Male spontaneously obese monkeys of 8-15 years old, weighing 7-13 kg, were screened for health and body weight for enrollment into the study. A fixed amount of certified primate diet (Kunming, China) established during the acclimation period, was given to the animals daily throughout the course of the study. The feeding times were from 0900 h to 1100 h (AE30 min) and then between 1500 h and 1700 h (AE30 min). In addition, apple slices (150 g/animal) were provided to the animals between 1200 h and 1300 h (AE30 min). Animals had ad libitum access to city water, via an automatic watering system. After acclimation to doing and handling for at least 3 weeks, monkeys were randomized into four treatment groups based on baseline food consumption, body weight, body mass index (BMI), and abdominal fat content (determined by computed tomography [CT], described below). Animals received a twice daily oral bolus of either vehicle (1% , 1% carboxymethyl cellulose [w/v] , in milliQ water) or AMG 076 (0.3, 1.0, or 3.0 mg/kg, bid) for 90 days. The daily food consumption and behavioral observations were conducted throughout the duration of study. Weekly body weight was measured. BMI was calculated by body weight (kg) divided by the square of crown-rump length. Intra-abdominal fat content was determined using CT scan (Siemens, Somatom Esprit+) on day 3 and day 88. For each monkey, 10 scans at 0.8 cm intervals, 5 cm above and 3 cm below the level of the umbilicus, were obtained. Monitoring was continued for 4 weeks after AMG 076 administration was discontinued. No gross or clinical abnormalities were observed in response to treatment or handling during the course of the study.
Statistics
Statistical analysis was performed by analysis of variance (ANOVA) followed by a two-sample t-test with Bonferroni correction. Long-term body weight changes in the DIO mice with different treatments (Fig. 4A) were analyzed using Dunnett's test to compare treatments to vehicle control using SAS process general linear model (SAS proc glm, SAS Institute, Cary, NC). Data are shown as mean AE SEM (standard error of mean).
Results
AMG 076 is a potent and selective small molecule antagonist of MCHR1 AMG 076 was discovered through high throughput screening and lead optimization at Amgen (Mihalic et al. 2012) . The compound displaces [
125 I]-MCH with a K i of 0.6 AE 0.10 nM (Fig. 1A) . Functional antagonism of AMG 076 was demonstrated through inhibition of the MCHinduced Ca 2+ mobilization in HEK293-MCHR1 cells with an IC 50 of 1.2 AE 0.26 nmol/L (Fig. 1B) . AMG 076 showed similar activity for MCHR1 across animal species as determined by aequorin assay in cells transiently expressing MCHR1 of different species (Mihalic et al. 2012) .
AMG 076 is highly selective against MCHR2 and showed no significant inhibitory activity at >10,000 nmol/L in FLIPR Ca 2+ mobilization assay (Fig. 1B) . The selectivity of AMG 076 was further evaluated in a screen by Eurofins PanLabs against a panel of GPCRs, transporters and ion channels using radioligand displacement assays. IC 50 for all of the 64 targets screened except for 5HT2C was >2000 nmol/L. K i of AMG 076 for 5HT2C was determined to be 1120 AE 59 nmol/L, >1000-fold higher than that for MCHR1.
AMG 076 reduced body weight gain in mice on high-fat diet AMG 076 was evaluated for its ability to prevent the accumulation of body fat in C57BL/6 mice transferred onto a high-fat diet. To confirm that the effects of AMG 076 were mediated specifically through MCHR1, MCHR1(À/À) mice with the same genetic background (Roy et al. 2006) were evaluated in parallel. After 8 weeks of treatment with AMG 076, a dose-related reduction in weight gain was observed specifically in wild-type mice but not in MCHR1 (À/À) mice (Fig. 2) . Reduced body weight gain in MCHR1 wild-type (+/+) mice was associated with a reduction in accumulated fat mass, without loss of lean mass (data not shown). Under these conditions, however, treatment with AMG 076 did not significantly affect food intake in either MCHR1(+/+) or MCHR1(À/À) mice. A reduction in weight gain in the absence of a change in food intake in AMG 076-treated MCHR1(+/+) mice suggested a possible increase in energy expenditure, which is a notable phenotype of the MCHR1(À/À) mice (Marsh et al. 2002) . Oxygen consumption (VO2) in MCHR1(À/À) versus MCHR1 (+/+) mice was compared after 20 weeks of compound treatment (between days 143 and 162 of study) using indirect calorimetry. MCHR1(À/À) mice dosed with vehicle exhibited a higher VO2 compared with MCHR1 (+/+) mice receiving vehicle (Fig. 3) . Furthermore, treatment of the MCHR1(+/+) mice with AMG 076 (100 mg kg À1 day À1 ) was associated with a significant increase in measured VO2 compared with the MCHR1 (+/+) mice that received vehicle. In contrast, no effect of AMG 076 (100 mg kg À1 day À1 ) treatment was observed in the MCHR1(À/À) mice compared with the MCHR1(À/À) mice that received vehicle. In summary, these data show that the prevention of high-fat diet-induced body weight gain by AMG 076 is MCHR1-dependent and is at least partly mediated through an increase in energy expenditure.
AMG 076 reduced body weight gain and food intake in DIO mice
The diet-induced obese (DIO) mouse model is a well-established animal model for testing anti-obesity agents (Rossmeisl et al. 2003) . In particular, these mice exhibit metabolic changes (hyperglycemia, hyperinsulinemia, glucose intolerance, insulin resistance) and share some clinical characteristics of obese patients with metabolic syndrome. Male C57BL/6 mice were maintained on a high-fat diet for at least 20 weeks prior to the start of drug administration, which continued for an additional 20 weeks. The treatments consisted of vehicle, AMG 076 (3 and 10 mg kg À1 day
À1
) or sibutramine (10 mg kg À1 day
). The effect of AMG 076 and sibutramine on body weight was assessed over the period from day 0 to 144 (Fig. 4A) . Reductions in body weight for sibutramine and AMG 076 (both 3 and 10 mg kg À1 day
) reached statistical significance by day 2, 7, and 3, respectively, and remained statistically significant through day 144. Dose-related exposures of AMG 076 in plasma were confirmed as summarized in Table S1 . Food intake measurements were initiated 3 weeks into the study and continued through day 115 of treatments. A dose-related reduction was observed in daily food intake in response to AMG 076 treatment relative to vehicle during the course of treatment ( Fig. 4B ; P < 0.05 for both doses). Sibutramine also reduced food intake (P < 0.05), but to a lesser extent than AMG 076.
AMG 076 showed anti-diabetic effects in DIO mice
Anti-diabetic effects of AMG 076 were evaluated in DIO mice. Chronic administration of AMG 076 resulted in a significant decrease in fasting insulin and glucose levels, and increases in glucose tolerance (Fig. 5 ) and insulin sensitivity (Fig. 6) . In contrast, no improvement in these aforementioned parameters was observed in sibutraminetreated DIO mice. Thus, AMG 076-mediated changes in body weight and food intake was reflected in the improvement of the metabolic phenotype of these mice.
Effect of AMG 076 on obesity-related parameters in obese cynomolgus monkeys Similar to humans, cynomolgus monkeys express both MCHR1 and MCHR2 and represent a debatably more In response to treatment with AMG 076, body weight, and BMI trended down in the AMG 076 treatment groups compared with those of the vehicle group (Fig. 7A  and B) . Statistic significance, however (P < 0.05), was reached only by the 1 mg/kg group. Five of the six monkeys given the vehicle gained significant weight, and at least three monkeys in each of the AMG 076 dose groups showed a commensurate decrease in body weight and BMI. Intra-abdominal fat (IAF) content was measured on day 88 of the treatment using abdominal CT scan and food intake was measured daily. Although a downtrend in IAF and food intake similar to that of body weight and BMI was observed with the AMG 076 treatment groups, the changes did not reach statistical significance by any of the treatment groups ( Fig. 7C and D) .
Discussion
AMG 076 has been identified as a potent and selective MCHR1 antagonist. Chronic administration of AMG 076 resulted in significant reduction in body weight gain in nonobese mice fed a high-fat diet and in DIO mice. A reduction in food intake was also detected in the already obese DIO mice but not in those mice that were not obese at the start of treatment. Energy expenditure was, Figure 4 . AMG 076 inhibited weight gain and food intake in DIO mice. Pair-housed, high-fat diet-induced obese (DIO) male C57BL/6 mice were maintained on a high-fat diet for 20-24 weeks prior to AMG 076 dosing. Test compounds were administered once daily by bolus oral gavage (5-10 mL/kg) at the indicated doses and body weight (A) and food intake (B) were monitored daily. (A) Sibutramine, P < 0.05 versus vehicle between day 2-34 and day 47-80. AMG 076 (3 mg/kg), P < 0.05 versus vehicle between day 7-144. AMG 076 (10 mg/kg), P < 0.05 between day 3-144. however, significantly increased in both the nonobese and the DIO mice. Therefore, inhibition of food intake and increased energy expenditure may both contribute to the reduction in body weight from AMG 076 treatment. These effects of AMG 076 on body weight and food intake are believed to be mediated through MCHR1 as they were absent in the MCHR1(À/À) mice treated with AMG 076 up to 100 mg kg À1 day À1 . Although the binding of AMG 076 to MCHR1 in the brain of the treated animals was not measured, the dependence of the effects of AMG 076 on MHCR1 is in support of AMG 076 reaching and antagonizing MCHR1 effectively. In addition, these results are consistent with those of previously reported animal studies of the MCH/MCHR1 system and MCHR1 antagonists Marsh et al. 2002; Zheng et al. 2005; Ito et al. 2010; Chung et al. 2011 ). We did not observe significant effect of AMG 076 treatment on food intake in lean mice on high-fat diet.
We, however, detected a significant reduction in food intake in DIO mice treated with AMG 076. These observations suggest that different metabolic state of the animals may be critical in determining how antagonism of MCHR1 may contribute to body weight loss, through increasing metabolic rate or suppressing appetite, or both.
Obesity has been shown to be a risk factor for type 2 diabetes and is known to exacerbate diabetes in humans (Chen et al. 2011) . We observed that chronic AMG 076 treatment of obese mice led to significantly lowered baseline glucose and insulin levels and an increase in glucose tolerance and insulin sensitivity compared with vehicleand sibutramine-treated mice. These findings are consistent with observations in MCHR1 or MCH deficient mice Bjursell et al. 2006; Jeon et al. 2006) and emphasize potential antidiabetic benefits of antagonism of MCHR1. Rodents do not express MCHR2 (Tan et al. 2002) . Interestingly, MCHR2 maps to a region on chromosome 6q16.3, a susceptibility locus for childhood obesity (Meyre et al. 2004) . A recent genetic analysis looking for associations of MCHR2 single nucleotide polymorphisms (SNPs) with severe obesity of children implied a possible involvement of MCHR2 in food intake abnormalities in obese children (Ghoussaini et al. 2007 ). Cynomolgus monkey expresses both MCHR1 and MCHR2 and some become obese with age and a sedentary lifestyle, with parallels to human obesity. Our preliminary data from the cynomolgus monkey study showed an association of antagonism of MCHR1 with a downtrend in several obesity-related parameters. However, the effects of AMG 076 at the doses used were not robust enough to reach statistical significance, particularly so with the effects on IAF and food intake. Further studies with more animals and additional data such as on energy expenditure are needed to be conclusive. If confirmed, our current data with AMG 076 would suggest that antagonism of MCHR1 alone may exert a likely moderate anti-obesity effect in monkeys and potentially in humans and combination with therapies targeting other pathways may be needed. FDA has recently approved Qsynia for treating obesity, which is a combination of two known drugs, phentermine and topiramate. Phentermine is a psychostimulant and topiramate is an anticonvulsant (Cosentino et al. 2011; Holes-Lewis et al. 2013 ). This may be signaling the start of a new trend of multi-agent combination therapy for obesity. Interestingly, it has been reported that combination of rimonabant (a CB1 receptor antagonist) and SNAP-94,847 (a MCH1 receptor antagonist) was highly effective in reducing body weight in DIO mice below that achieved by either monotherapies (Verty et al. 2013) .
A number of MCHR1 antagonists have been developed as potential anti-obesity drugs (Borowsky et al. 2002; Luthin 2007; Gehlert et al. 2009; Jeon and Cheon 2009) . Accumulating data strongly support an involvement of the MCH system in regulating behaviors in addition to feeding and body weight homeostasis Antal-Zimanyi and Khawaja 2009; Chung et al. 2011) . For example, central administration of MCH increased anxiety in mice (Monz on and De Barioglio 1999; Smith et al. 2006) , while MCHR1 knockout mice were less anxious than their wild-type counterparts (Kennedy et al. 2003; Zhou et al. 2005; Roy et al. 2006; Smith et al. 2006) . Furthermore, MCHR1 antagonists exhibit anxiolytic and antidepressant activities in rodents (Chaki et al. 2005; David et al. 2007; Gehlert et al. 2009 ). We were able to recapitulate these findings in our own behavioral analyses of rodents treated with AMG 076 (S. L. Wang, K. Dai, unpubl. data, manuscript in preparation). Whether these effects would also be seen in higher species remains to be determined.
